t e C h n I C a l r e p O r t S
The light-gated cation channel channelrhodopsin-2 (ChR2) has rapidly become an important tool in neuroscience, and its use is being considered in therapeutic interventions. Although wild-type and known variant ChR2s are able to drive light-activated spike trains, their use in potential clinical applications is limited by either low light sensitivity or slow channel kinetics. We present a new variant, calcium translocating channelrhodopsin (CatCh), which mediates an accelerated response time and a voltage response that is ~70-fold more light sensitive than that of wild-type ChR2. CatCh's superior properties stem from its enhanced Ca 2+ permeability. An increase in [Ca 2+ ] i elevates the internal surface potential, facilitating activation of voltage-gated Na + channels and indirectly increasing light sensitivity. Repolarization following light-stimulation is markedly accelerated by Ca 2+ -dependent BK channel activation. Our results demonstrate a previously unknown principle: shifting permeability from monovalent to divalent cations to increase sensitivity without compromising fast kinetics of neuronal activation. This paves the way for clinical use of light-gated channels.
The light-gated, inwardly rectifying cation channel channelrhodopsin-2 (ChR2) has become a preferred tool for the targeted light activation of neurons both in vitro and in vivo [1] [2] [3] [4] . Although wild-type ChR2 can be employed for light-induced depolarization, there is an ongoing search for ChR2 mutants with increased light sensitivity for potential future clinical applications [5] [6] [7] . Higher efficacy would enable depolarization of cell layers distant from the applied light source despite the low optical transmittance of brain tissue. An increase in light sensitivity would also solve the problem of potential cell damage under continuous illumination resulting from the high blue light intensities required for full wildtype ChR2 activation (10 18 -10 19 photons s −1 cm −2 at 480 nm). Variants with higher light sensitivity are also crucial for research pertaining to the recovery of vision 8, 9 . On the protein level, higher light efficacy can only be achieved by increasing the lifetime of the open state and/or by elevating the unit conductance of the channel, as the light sensitivity per se can be improved only marginally as a result of the nature of the ChR2 chromophore retinal. Previous work has shown that mutations at positions Cys128 and Asp156 in helices 3 and 4, respectively, result in markedly slowed channel kinetics with open lifetimes of up to 30 min and more, yielding a 500-fold, or even higher, light sensitivity 5, 6 . These Cys128 and Asp156 mutants can be switched off at variable open times by red light. Despite the superior light sensitivity, their slow closing kinetics remains a limiting factor for their applicability.
We chose to use a different approach. It is known that a cell's inner membrane surface potential is strongly influenced by Ca 2+ ; thus, modifying submembrane intracellular Ca 2+ levels will lead to depolarization of the membrane and, in neurons, to activation of voltage-gated Na + channels. We hypothesized that the light sensitivity of a neuron can be indirectly increased by elevating its inner membrane surface potential via Ca 2+ influx 10, 11 . We created a ChR2 mutant with an enhanced Ca 2+ permeability, CatCh. CatCh has an up to sixfold higher Ca 2+ permeability, a 70-fold higher light sensitivity and faster response kinetics when expressed in hippocampal neurons than the wild-type ChR2. The enhanced light sensitivity and fast kinetics stemmed from the relatively high light-gated Ca 2+ influx, which elevates the inner membrane surface potential and activates Ca 2+ -activated large conductance potassium (BK) channels. CatCh exemplifies a new principle by which light-gated channels can be engineered to increase the light sensitivity of neuronal stimulation. Its characteristics, such as triggering precise and fast action potentials while requiring low light intensities for activation, open the way for the use of light-gated channels in clinical applications.
RESULTS
Our objective was to identify residues in wild-type ChR2 whose mutations modify cation permeability. We focused on the third transmembrane domain, as several mutated residues in this domain alter the photocycle and the gating of the channel (Fig. 1 ) [5] [6] [7] 12 . Each residue from Arg115 to Thr139 was individually replaced by cysteine and screened for functional changes in Xenopus laevis oocytes. The L132C (CatCh) mutation displayed substantial alterations in the amplitude and shape of the current traces.
Molecular properties and selectivity of CatCh
In HEK293 cells, the blue light-induced stationary currents of CatCh had a ~2.5-fold higher amplitude than wild-type ChR2 (CatCh, t e C h n I C a l r e p O r t S 25.0 ± 8.8 pA pF −1 ; wild type, 10.1 ± 4.1 pA pF −1 ; mean ± s.d., n = 6, −60 mV). The steady state-to-peak current ratio also increased from 0.37 ± 0.18 in the wild type to 0.60 ± 0.20 in CatCh (Fig. 2a) . During repetitive blue-light stimulation, the CatCh peak current disappeared. It recovered within minutes in the dark, when recovery was not prematurely induced by yellow light. In contrast, a full recovery of the wild-type ChR2 peak current under identical conditions takes 20 s (ref. 13 ). The activation and deactivation time constants of CatCh (τ on = 590 ± 3 µs, τ off = 16 ± 3 ms, n = 9, pH 7.4, −60 mV, mean ± s.d.) were slightly longer than wild-type ChR2 (τ on = 214 ± 2 µs, τ off = 10 ± 1 ms, n = 9, pH 7.4, −60 mV, mean ± s.d.; Fig. 2b , Table 1 and Supplementary Fig. 1) .
We next compared the described effects of the channel properties with the spectral changes in the photocycle. Flash photolysis experiments on purified CatCh revealed only minor deviations from the wild-type ChR2 spectra 13 (Supplementary Fig. 1 14 . Consistent with the wild-type ChR2 and H134R noise analysis experiments, we used guanidine as the conducting ion. Note that the kinetic properties of the channel are independent of the permeating cation 14 . The evaluation of difference in power spectra yielded a single channel conductance γ of 140 ± 5 fS (n = 6, −60 mV) for 200 mM guanidine at 23 °C, which is similar to the extrapolated wild-type ChR2 single channel conductance of 150 fS at this temperature 14 . The open probability of CatCh determined from the noise analysis was unchanged in comparison to H134R (P o ≈ 0.6). Thus, an increased open channel lifetime can easily account for the observed increase in photocurrents by a factor of 2.5; however, a slightly enhanced expression of CatCh copies cannot be excluded.
Excitation of CatCh with varying wavelengths in Xenopus laevis oocytes revealed that the action spectrum was almost identical to that of the wild-type ChR2, with a maximum excitation wavelength at 474 nm (Supplementary Fig. 2 ). In the presence of extracellular Ca 2+ and at negative holding potentials, CatCh currents showed a substantial increase in amplitude during illumination as a result of a superimposed outward current that resembled that of calciumactivated chloride channels (CaCCs) 15, 16 (Fig. 2c) . In wild-type ChR2-expressing oocytes, CaCC currents were also observed, but they were markedly smaller than those induced by CatCh (Fig. 2c) . For both wild-type ChR2 and CatCh, injection of the fast Ca 2+ chelator Figure 1 Homology model of ChR2 based on the sensory rhodopsin 2 structure (PDB accession number 1H2S). The target region for the cysteine scanning (Arg115 to Thr139) is located in TM3 and is highlighted in red. The inset shows the presumed location of the mutated L132C, the hydrogen-bonded Cys128 and Asp156, connecting TM3 and TM4 as indicated by the dotted line, and the homolog residues for the proton donor (His134) and proton acceptor (Glu123), respectively. The chromophore is formed by all-trans retinal (ATR) and Lys257 covalently linked by a Schiff base. The cavity formed by the removal of the leucine's methyl groups is depicted as spheres and overlaid on the mutated sulfhydryl group of the cysteine residue (yellow ball). The figure was prepared with Visual Molecular Dynamics 27 t e C h n I C a l r e p O r t S 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetate (BAPTA) into the cell at 80 mM extracellular Ca 2+ abolished the CaCC currents, although a residual Ca 2+ current remained ( Fig. 2c) 1 . The larger difference of the photocurrents before and after BAPTA injection for CatCh supports the hypothesis of an increased Ca 2+ flux following CatCh activation.
Increased calcium permeability of CatCh
To obtain an estimate of the CatCh ion permeability, we measured photocurrent-voltage relationships and the reversal potential for different cations in HEK293 cells. We found that the permeabilities for sodium, potassium and magnesium were comparable to wild-type ChR2 (Fig. 2d) 1 . The proton permeability of CatCh (p H /p Na = 4 × 10 6 ) was slightly increased compared with wild-type ChR2 (p H /p Na = 2.5 × 10 6 ). The relative Ca 2+ permeability of CatCh p Ca /p Na was increased from 0.15 in wild type to 0.24, as seen by the shift in the reversal potential going from sodium to calcium in the extracellular solution (bi-ionic potential). The shift was smaller for CatCh (−21.6 ± 3.8 mV, mean ± s.d., n = 5) than for the wild type (−30.7 ± 2.7 mV, mean ± s.d., n = 5) (Fig. 2e) .
To further quantify the increased Ca 2+ permeability of CatCh, we performed Fura-2 calcium imaging on CatCh-expressing HEK293 cells and compared the measured 340/380 ratios to the ratios measured in wild-type ChR2-expressing cells. To exclude varying CatCh expression levels as a factor in calcium uptake, we normalized the measured 340/380 ratios to the yellow fluorescence protein (YFP) fluorescence value of each individual cell (Online Methods). Following a 10-s blue-light (460 nm) photostimulation in saturating 90 mM Ca 2+ solution, the increase in intracellular free Ca 2+ in CatCh-expressing cells was about sixfold larger than in wild-type-expressing cells, but remained in the nanomolar range (Fig. 2f) .
Application to hippocampal neurons
To test CatCh's suitability for neuronal application, we transduced the construct with the help of adeno-associated viruses into cultured hippocampal pyramidal cells. The CatCh mutant was robustly expressed (Fig. 3a) without signs of neurotoxicity for the lifetime of the culture (~5 weeks) and exhibited, as in HEK293 cells, a higher steady state-to-peak ratio in whole-cell recordings and about 3.5-fold increased current amplitudes compared with the wild type (CatCh, 8.0 ± 0.4 pA pF −1 ; wild type, 2.3 ± 0.5 pA pF −1 ; −60 mV, n = 6, mean ± s.d.; Fig. 3b) .
In current-clamp mode, artificially high light intensities typically used to activate the wild type (10 18 -10 19 photons s −1 cm −2 ) drove CatCh-expressing pyramidal cells into a depolarization block (Fig. 4a) . To induce reliable spike trains, we reduced the light intensity by 2 log units (5 × 10 16 -2 × 10 17 photons s −1 cm −2 ) to a light intensity in the natural range of cone photoreceptor-driven photopic vision (Fig. 4b) 17 . For a representative tuning curve of the light intensity-dependent firing rate of a pyramidal cell, the averaged maximum firing rate was 8.2 × 10 16 ± 2.5 × 10 16 photons s −1 cm −2 (mean ± s.d., n = 5; Fig. 4c) . The higher light efficacy of CatCh-expressing neurons facilitates activation with wavelengths away from the peak sensitivity, as exemplified for green light (532 nm; Fig. 4d ). This may confer benefits in terms of more effective tissue recruitment with deeperpenetrating green light.
We assign the enhanced light sensitivity of CatCh-expressing neurons to an increased Ca 2+ permeability, thereby transiently increasing the surface potential on the cytosolic membrane surface 10, 11, 18, 19 (the Ca 2+ effect on the surface potential is described t Supplementary Fig. 3 ). During light excitation, CatCh serves as a membrane-bound fast Ca 2+ source that temporarily increases the local intracellular surface Ca 2+ concentration and neutralizes the negative membrane surface charges. It is known that this causes a shift of the internal surface potential to more positive values, thus depolarizing the membrane 11, 18 . A consequence of this is that voltage-gated Na + channels are activated at more negative membrane potentials 18 . After short light pulses or after switching off the stationary light, Ca 2+ equilibrates rapidly (microseconds) in the cytoplasm, leading to a rapid recovery and the immediate disappearance of action potentials. Thus, for CatCh, less photocurrent, and subsequently less light, is required for spike initiation compared with wild-type ChR2.
The light pulse-to-spike latency in CatCh was faster (~5-6 ms; Fig. 4e) , with a smaller jitter than the latency for wild-type ChR2 (~10 ms) at identical light intensities (2.8 × 10 18 photons s −1 cm −2 ) 3 . We further tested CatCh for its ability to induce single action potentials at high-frequency light stimulation. A train of 1-ms 473-nm light pulses (2.8 × 10 19 photons s −1 cm −2 ) drove 100% reliable spike trains up to frequencies of 50 Hz (n = 8, most pyramidal cells do not follow well beyond 50 Hz even with direct current injection; Fig. 4f) . The wild type, on the other hand, requires at least 2-ms light pulses to induce spikes and does this reliably only up to frequencies of 20 Hz 12 . We pushed the short activation times of CatCh even further and evoked single action potentials up to frequencies of 10 Hz by 10-ns blue-light pulses (1.1 × 10 25 photons s −1 cm −2 ), a pulse length so short as to only induce a single turnover in each CatCh protein (Fig. 4g) . However, fast stimulation frequencies also require a fast repolarization of the cell after each spike. Despite a decelerated τ off of CatCh compared with the wild-type, the approximately sixfold increase in the Ca 2+ influx during CatCh activation (Fig. 2f) appeared to be sufficient to activate enough BK channels 20 to potently repolarize the cell to its original resting potential within milliseconds of each action potential. To determine whether the fast repolarization was mediated through BK channels, we added 100 µM of the potassium channel inhibitor tetraethylammonium (TEA) to the extracellular solution and observed incomplete membrane repolarization and the generation of a plateau potential typically seen in pulse stimulation protocols with the wild-type ChR2 (ref. 3; Fig. 4h) .
Taken together, our data indicate that CatCh-expressing neurons exhibit a faster spike onset, a faster repolarization and an increased light sensitivity compared to wild type-expressing cells (for a comparison, see Table 1 ). Control experiments in the absence of external Ca 2+ and in the presence of 3 mM Mg 2+ , which has a less pronounced effect on the surface potential 11, 18 (Supplementary Fig. 3 ) and is not conducted through wild-type ChR2 or CatCh, support these interpretations. The light pulse-to-spike latency increased to wild-type ChR2 values (Fig. 4e) . Instead of the fast spike repolarization observed in the presence of Ca 2+ , a prolonged artificial depolarization similar to what is seen in wild-type ChR2 experiments was observed (Fig. 4i) . In the absence of Ca 2+ , identical light intensities resulted in depolarization t e C h n I C a l r e p O r t S being reduced by ~10 mV under otherwise equal experimental conditions. Multi-spiking, as expected from the prolonged open time of CatCh, reoccurred in the absence of Ca 2+ (Fig. 4i) .
We performed further control experiments to rule out potential detrimental consequences of the higher Ca 2+ permeability of CatCh on cell health, especially following prolonged stimulation. Repetitive stationary or high-frequency illumination did not induce changes in CatCh responses nor in membrane resistance, membrane capacitance or leak currents, 2. Exposure to hourly 50-Hz blue-light pulse trains for 10 h did not affect neuronal health. To summarize, our results indicate that the elevated Ca 2+ permeability of CatCh pairs increased light sensitivity with precise spiking control in a higher frequency bandwidth and thus outperformed the wild-type ChR2 and the previously published slow and fast ChR2 mutants ( Table 1) .
DISCUSSION
At first glance, CatCh, the L132C mutant of wild-type ChR2, showed rather unspectacular results in comparison with the wild-type ChR2: a twofold increase of the lifetime of the open state, a decelerated decay of the P520 intermediate in the photocycle kinetics, an unchanged single channel conductance and a marginally red-shifted absorption maximum (4 nm). A 2.5-fold increased photocurrent can be easily explained by the measured parameters with no relevant increase in expression level. However, closer inspection of the voltage-clamp data obtained from CatCh expressing Xenopus laevis oocytes suggested that CatCh had an elevated Ca 2+ permeability, which we then confirmed by determining the reversal potential and carrying out calcium-imaging experiments on HEK293 cells. An increase in Ca 2+ permeability might be facilitated by the formation of a more flexible structure and thus the formation of a cavity, as shown for the L94A mutation of the light-driven proton pump bacteriorhodopsin (Fig. 1) 21 . This cavity would be located in a hydrophobic patch as part of the conserved transmembrane helix three (TM3), only a helical turn apart from Cys128. Manipulating the interaction between Cys128 (TM3) and Asp156 (TM4) decelerates the reaction cycle of ChR2 markedly 5, 6 , an effect that was also observed in the bacteriorhodopsin mutant L93A 22, 23 , the neighboring residue of Leu94. In ChR2, the interaction of TM3 and TM4 seems to affect both gating and selectivity, pointing to a structural element as the transducer of the light reaction to the ion pore 24 . Insertion of the smaller and more hydrophilic cysteine could increase the flexibility of the helical segment, facilitating the access of Ca 2+ .
When delivered to hippocampal pyramidal cells, CatCh exhibited a ~70-fold increase in light sensitivity compared with wild-type ChR2. Usually, such an increased light efficacy is accompanied by a strongly prolonged open channel lifetime 2, 6, 13 . This is not the case for CatCh. Instead, the secondary effects on neuronal excitability are induced by Ca 2+ influx through CatCh. Before we discuss the mechanism, we elucidate possible drawbacks of the elevated Ca 2+ flux.
At resting membrane potential, Ca 2+ has a low contribution to the overall current in neurons that is mainly driven by sodium and protons. The Ca 2+ contribution estimated from the Goldman-HodgkinKatz equation is less than 1% (Supplementary Note). In the neuron experiments, the total current density is given by 8.0 pA pF −1 ; thus, the calcium current density is 0.06 pA pF −1 (Supplementary Note). Simplified geometric considerations of the neuron, that is, spherical soma and cylindrical dendrites, give an estimate of the rate of [Ca 2+ ] change of 1 and 12 µM s −1 in the soma and the dendrites, respectively (Supplementary Note). This is lower than the fluxes, for example, through NMDA receptors 25 , and detrimental effects on cell health by the calcium flux per se seem unlikely. This notion is further corroborated by our control experiments. The rise in intracellular Ca 2+ levels during repetitive CatCh stimulation is too small to affect cell health. Nonetheless, studying the long-term effects of CatCh activity on neuronal health, plasticity (Supplementary Discussion) and signaling cascades using CatCh-expressing transgenic animals is essential for the future.
How can we account for the increased light sensitivity in neurons? The best interpretation of the mechanism underlying the observations is based on the increased Ca 2+ influx into the neuron during illumination. This temporarily neutralizes the negative charges on the inner membrane face, thereby increasing the surface potential, which is equivalent to a depolarization of the membrane 11 ( Supplementary  Fig. 3 ). This screening effect is well known for the extracellular leaflet of the membrane that affects activation of the voltage-gated sodium channels 10, 18 . Here, we can consider CatCh to be a light-gated membrane-bound Ca 2+ source (a membrane-bound caged Ca 2+ ), which transiently delivers Ca 2+ to the cytosolic surface of the cell membrane as long as the CatCh channel is open. This facilitates the activation of voltage-gated sodium channels, which appears as an increase in light sensitivity. However, it is the transient Ca 2+ binding to the inner membrane surface that increases light sensitivity and not the marginally elevated Ca 2+ concentration in the cytosol. When extracellular Ca 2+ was replaced by the nonpermeating Mg 2+ , all of the observed Ca 2+ effects on the action potential were abolished. This indicates that the observed Ca 2+ effects were a result of influx of extracellular Ca 2+ and were not caused by a rise of the intracellular [Ca 2+ ] resulting from CatCh expression in the cell organelles such as the endoplasmatic reticulum.
Despite having a longer lifetime of the open state compared with the wild-type ChR2, CatCh shows increased spike reliability and precision during high-frequency light stimulation, reducing extra spikes and eliminating artificial plateau potentials typically observed in wild type-expressing cells at stimulation frequencies above 20 Hz 3,7,12 . We delivered 10-ns to 1-ms light pulses 23 °C and induced reliable spike trains of up to 50 Hz in CatCh-expressing pyramidal cells (their limit of natural spiking; Fig. 4f) . The fast spiking might be caused by the calcium-induced BK channels that repolarize the cells. This re-establishes the resting membrane potential of the neuron within milliseconds of each action potential and represents the second calcium-mediated effect that is controlled by CatCh activity. Higher frequency spiking may be achieved in faster spiking cells such as cortical paravalbumin interneurons 12 .
In comparison with already available optogenetic tools, CatCh induces in neurons an increased light sensitivity similar to the slow mutants 13 or step-function opsins 6 , but with much accelerated response kinetics as a result of its increased Ca 2+ permeability and the consequences on neuronal excitability. This makes CatCh superior to available ChR2 variants, with which a high light sensitivity had to be established at the cost of fast kinetics and vice versa with respect to the fast channelrhodopsins 7, 12 (see Table 1 ). With regard to optogenetic application, it will be important to validate the optimal light-pulse parameters in each experimental preparation, such as stimulation length and intensity, as the specific response will ultimately be controlled by intrinsic properties of the neuron and CatCh expression levels.
The ability of CatCh to activate at naturally occurring light intensities while maintaining high temporal precision makes it an important candidate for gene-therapeutic visual restoration efforts 26 , as well as other biomedical applications. Because of its reduced light requirements, CatCh spikes can even be generated by excitation far from its spectral maximum of 474 nm (for example, with green light; Fig. 4d) , t e C h n I C a l r e p O r t S facilitating tissue penetration. There are additional potential fields of application for CatCh given that, as seen for BK channels, other Ca 2+ -sensitive processes may be transiently triggered at the membrane during illumination (Supplementary Discussion). Furthermore, the combination of CatCh with other characterized ChR2 variants, such as ChETA or the slow mutants, might further improve optogenetic tools.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. electrophysiological recordings from hippocampal neurons. For whole-cell recordings in cultured hippocampal neurons, patch pipettes with resistances of 5-10 MΩ were filled with 129 mM potassium gluconate, 10 mM HEPES, 10 mM KCl, 4 mM MgATP and 0.3 mM Na 3 GTP, titrated to pH 7.2. Tyrode's solution was employed as the extracellular solution (125 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 30 mM glucose and 25 mM HEPES, titrated to pH 7.4). The nominally Ca 2+ -free extracellular solution contained this same solution except that it had 0 mM Ca 2+ and 3 mM Mg 2+ . Recordings were conducted in the presence of the excitatory synaptic transmission blockers, 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX, 10 µM, Sigma) and d(−)-2-amino-5-phosphonopentanoic acid (AP5, 50 µM, Sigma). For voltageclamp recordings, 1 µM tetrodotoxin was added to the extracellular solution. To inhibit BK-channel activity, we added 1 mM TEA. Recordings were conducted on an inverted Zeiss Axiovert 25 microscope equipped with a fluorescence lamp. Successful protein expression was proved by EGFP-or YFP-mediated fluorescence. Neuronal access resistance was 15-40 MΩ and was monitored for stability throughout the experiment. Electrophysiological signals were amplified using an Axopatch 200A amplifier (Axon Instruments), filtered at 10 kHz, digitized with an Axon Digidata 1600 (50 Hz), and acquired and analyzed using pClamp9 software (Axon Instruments). Photocurrents were evoked using light pulses of various lengths from diode-pumped solid-state lasers (Pusch Opto Tech GmbH; λ 1 = 473 nm, P 1 = 100 mW, λ 2 = 532 nm, P 2 = 50 mW) or 10-ns flashes from an excimer-pumped dye laser (Coumarin 2, λ = 450 nm). Specific light intensities are indicated in the figure legends and the text and are intensities at the end of a 400-µm-diameter quartz optic fiber (STE-F100/400-Y-VIS/NIR; Laser 2000, Wessling) at a distance of ~500 µm from the cell. Currents measured from neurons expressing ChR2(L132C)-YFP and ChR2(L132C)-2A-EGFP were identical. confocal imaging. For imaging, coverslips with hippocampal neurons were fixed at 4 °C for 10 min in 4% paraformaldehyde (wt/vol) in phosphate-buffered saline containing 2% sucrose (wt/vol). The cells were subsequently incubated for 1.5 h in rabbit anti-GFP IgG (Invitrogen, A11122) followed by a 45 min incubation in Alexa Fluor 488 donkey-anti-rabbit IgG (Invitrogen, A21206). Immunofluorescence of mounted coverslips was acquired on a Zeiss LSM 510 confocal microscope (Zeiss, Plan-Neofluar 40×/0.75). 
